Rain garden (RG) has been developed and applied to low-impact designs for the purpose of water quality enhancement. A RG consists of a surface storage basin and subsurface infiltrating layers. The storage basin is designed to be shallow, flat, and wide with an overtopping weir to pass excessive flows, while the subsurface infiltrating system is composed of two layers of filtering media. The upper layer is filled with sand-mix and the lower layer is formed with gravels. In this study, the storage basin is sized to capture the water quality capture volume (WQCV) that is determined using the log-normal distribution to describe the population of rainfall depths. The subsurface filtering layers are sized to achieve the targeted flow release and drain time. A surface-subsurface hydrologic model is developed in this study to simulate the water loading process in the storage basin, and also the infiltrating process through the sand-mix layer. Based on field tests and data, this hydrologic model is further calibrated to determine the best-fitted values for soil initial moisture content and hydraulic conductivity involved in the flow simulations. This calibrated model provides a useful tool to understand the clogging situation in the RG, and helps the engineer make operational decisions on drain time and flow releases from the RG.
Fig. 1. Micro-minor-major Cascading Flow Systems on Street
Rain garden (RG) was firstly tested in the State of Maryland in 1993, and has gradually spread out as one of the most popular infiltrating practices in the USA for storm runoff treatment (PGDER, 1993; USEPA, 1999) . As illustrated in Fig. 2 , a rain garden is structured as a two-layered basin. The surface basin has a storage depth up to 12 inches (30.5 cm), covered with grass and plants. During an intense event, the surface basin will be filled up to its maximum capacity, and then the excess storm water overflows into the downstream manhole. The subsurface filtering layers underneath a RG consist of an upper sand-mix layer of 18 inches (45.7 cm), a lower gravel layer of 8 inches (20.3 cm), and a sub-drain system that is formed with 4-inch (10.2 cm) perforated pipes networked together to drain infiltrating water into the adjacent manhole (USWDCM, 2001; .
Fig 2 Layout of Rain Garden
The uncertainty in a RG's operation is directly related to its infiltration rate through the filtering layers. Considering clogging effects, the design infiltration rate is defaulted to be 1.0 inch/hr (2.5 cm/hr) (USWDCM, 2001) . In fact, a newly constructed RG may have an infiltration rate as high as 10.0 to 15 inch per hour (25.4 to 38.1 cm/hr) (Ames et al., 2001 . Over the years in service, the infiltration rate in the RG is gradually reduced due to clogging effects. In general, the higher the infiltration rate is, the shorter the drain time will be. Under a short drain time, the concern is if the system has an adequate water quality treatment, while under a long drain time, the concern is about the risk of having back-to-back rainfall events before the basin dries up. To improve a RG's operation, a cap-orifice is recommended to be installed at the outlet of the perforated under-drain pipe (Guo, 2012) . It functions like a valve that can be adjusted to achieve the desirable flow release. In this study, a hydrologic model is developed to predict the infiltration process through the storage basin and filtering medium underneath a RG. Aided with the model's predictions, a preventive measure and decision can be made to the RG's cap orifice to warrant a proper flow release.
DETERMINATION OF WATER QUALITY CAPTURE VOLUME
A RG is designed to target more frequent rainfall events for storm water quality enhancement. Therefore, those extreme-event-based approached are not suitable. As recommended, the complete rainfall depths should be considered for statistical analyses, and the design event for LID's is close to the 80 th percentile value (Guo & Urbonas, 2002) . In this study, the two-parameter lognormal distribution is chosen to describe the frequency distribution of rainfall event depths generated from the continuous hourly rainfall data provided by the National Climate Data Center (NCDC 2013). After individual rainfall events are separated, the lognormal normal density function is applied to the distribution of rainfall depths as:
where p = rainfall depth in [L] , f(p) = frequency distribution for rainfall depth, µ = log mean of local rainfall event depths, σ = log standard deviation of local rainfall event depths. The cumulative lognormal distribution is derived by integrating Eq.(1) as:
Where Φ(p) = normal distribution function, F(p) = non-exceedance probability, and P o = rainfall depth in [L] selected to design a rain garden. The storage volume in a rain garden is in fact more directly related to runoff volume, rather than rainfall depth. Therefore, the design rainfall depth in Eq (2) needs to be converted into the equivalent design runoff volume. For convenience, all volumes in Eq (2) are formulated in depth per watershed as:
Where
A WQCV is equivalent to RG's storage volume per unitarea of tributary watershed. An incipient runoff depth is similar to the depression loss that defines the minimum rainfall depth required to produce surface runoff. In practice, the value of incipient runoff depth is set to be 0.1 inch (2.5mm) for impervious surface (Guo & Urbonas, 1996; Guo & Urbonas, 2002) . Rearranging Eq (4) yields:
Substituting Eq. (5) into Eq.(2) yields:
The outflow and drain time are related to the WQCV as:
In which q = average release from RG in
/T] per unit area of tributary watershed], and T d = drain time in [T] . Substituting Eq. (7) into Eq.(6) yields:
In which C v = runoff volume capture rate (RVCR), F (0≤ d r ≤ D o ) = probability to have an event that has a runoff volume less than or equal to D o or termed RVCR. For a long term data, RVCR represents the percentage of annual runoff volume that is intercepted and treated through the rain garden (Guo & Urbonas, 2002) . In practice, the engineer shall analyze the local rainfall depths to know the mean and standard deviation. Next, select a target RVCR such as 0.8 and a drain time, such as 12 hours, based on the enhancement requirement for the local storm water. Eq (8) will provide the release rate for a given watershed condition in terms of watershed's runoff coefficient.
Using Denver's long-term 1-hr rainfall data as an example, the mean and standard deviation of rainfall depths are determined to be 0.44 inch (11.2 mm) and 0.48 inch (12.2 mm) (Guo and Urbonas 1996) . Fig  3 is an example for the RVCR to outflow relationship that is calculated for a drain time of 12 hours under various runoff coefficients ranging from 0.3, 0.5, 0.7, 0.9, to 1.0. 
DESIGN OF RAIN GARDEN
As an example, set RVCR=0.8, and T d =12 hours. The outflow released from the RG can be derived from Eq (8) after the local statistics of rainfall depths are known. After the outflow is known, the required basin's storage volume is determined as:
]. As recommended, the maximum water depth in the basin is set to be 12 inches (30.5 cm) (USWDCM 2001). The surface area of the infiltrating bed in the RG is determined as:
), and Y = maximum water storage depth in [L]. Eq's (9) and (10) provide the dimension of the RG. The underneath filtering media for this RG is described in Fig 2. 
HYDROLOGIC MODEL FOR INFILTRATING PROCESS
The hydrologic performance of a RG system includes the loading process into the storage basin, and the infiltrating process through the subsurface filtering media. The surface loading process is to intercept the inflow hydrograph till the storage basin becomes full.
/T], ∆t=time step such as 5 minutes, t= elapsed time, T= time required to fill up storage basin, and α= numerical factor to be unity before the RG is full and to become zero after the RG is full. During the water loading process into the storage basin, the water infiltration process begins with a slow rate to go through the unsaturated sand layer. As time goes on, the sand and gravel layers will gradually become saturated. In this study, the unsaturated seepage flow and the change of moisture content in the sand layer are modeled using the Green and Ampt approach. According to the Darcy's law, the vertical seepage flow is described as: 
Fig 4 Illustration of Flows through Filtering Layer in a RG System
According to the change of moisture content in the sand layer, the infiltration rate through the bottom of the storage basin is described as:
where F = infiltration amount in [L] , ∆θ=moisture deficit, θ=sand moisture content, n=soil porosity, t = elapsed time in [T] ; f = infiltration rate in [L/T]; and ∆z= downward movement of infiltrating water. As illustrated in Fig. 4 , the seepage flow in Eq (12) through the sand layer must be equal to the infiltrating flow in Eq (14) through the basin bottom. The governing equation for the movement of water wetting front is derived as:
Rearranging Eq.(15), we have
Integrating Eq.(16) from t to t+∆t leads to:
Eq. (17) agrees with the previous study of unsaturated seepage flows (Warrick et al. 2005) . Eq. (17) is solved by a trial-and-error procedure to predict the movement of water wetting front underneath the storage basin in a rain garden system. The sand layer begins with its initial moisture content, and is gradually filled up as the water wetting front moves through its thickness. Under a saturated condition, the seepage flow underneath of the storage basin is then determined by the Darcy's law as:
In which, Q s = seepage flow released from rain garden in [L 3 /T], H s = thickness of sand layer in [L]. As described above, both the surface and sub-surface flows are associated with uncertain system parameters such as sand conductivity and initial soil moisture content. The next effort is to build a field test to verify the model derived in this study.
FIELD OPERATION AND TESTS
A rain garden was built at the south-west corner of 21 st Avenue and Iris Street at the City of Lakewood, Colorado. This RG is designed to collect storm runoff generated from a residential area of 83,300 sq feet (7,739 m 2 ). The RG system consists of a storage basin of 12 inches (30.5 cm), a sand layer of 18 inches (45.7 cm), a gravel layer of 8 inches (20.3 cm), and an under-drain pipe system using 4-inch (10.2 cm) perforated pipes.
Based on the local rainfall statistics, the mean event depth is 0.44 inches (11.2 mm), and the standard deviation is 0.48 inches (12.2 mm). Setting RVCR=0.8, T d =12 hr, and C=0.4 for the watershed, both Eq (8) and Fig 3 suggest that the average flow release rate be 0.0052 inch/hr per watershed (0.13 mm/hr). As a result, the WQCV is calculated as = q = 0.0052 in./hr x 12 hr = 0.0624 inch per watershed (1.58 mm)
The storage volume for the basin is determined as
x 83,300 = 430 ft 3 (12.2 m 3 )
Considering a storage depth of 12 inch (30.5 cm), the bottom area of infiltrating bed in the basin area is calculated as
A rainfall event occurred on May 18, 2011, and was recorded using a rain gage located at the center of the watershed. The total event rainfall depth was 1.43 inches over duration of 13 hours and 50 minutes (UDFCD, 2011) . This observed rainfall time-distribution was imported into a numerical stormwater model using EPA SWMM5 (Rossman, 2010) . Fig. 5 is the watershed contributing to the RG. The watershed is further divided into 3 sub-catchments. To use the kinematic wave (KW) hydrograph method provided in EPA SWMM5, these 3 sub-catchments were converted into their equivalent rectangular sloping planes using the KW shape factor method (Guo and Urbonas, 2009 ). Details can be found elsewhere (Guo et al.) . The accumulated storm runoff is conveyed through the street gutters towards the RG. The RG is modeled as a shallow detention basin with an overtopping weir to release the excess stormwater after the RG becomes full.
Fig. 5. Tributary Watershed to RG Table 1. Watershed Characteristics
Fig 6 presents the comparison of the computed and observed inflow hydrographs to the RG. The runoff hydrograph generated from the tributary area was routed through the storage basin. After the basin becomes full, the inflow is overtopped the basin into the downstream manhole through a wide, top weir (30.5 cm).
Fig. 6. Computed and Observed Runoff Hydrograph for May 18, 2011Event
For this case, the wetting front through the sand layer was calculated using Eq (17) as soon as it rained. The system parameters are calibrated according to the best agreement to the observed seepage flows observed through the rain garden. As illustrated in Fig 7, conductivity of 2.5 inch/hr (6.35 cm/hr) represents the fresh sand layer, while the low conductivity of 1.0 inch/hr (2.54 cm/hr) is recommended for design under the assumption of being clogged. For this case, setting n=0.4, θ= 0.25 for the initial moisture condition in the sand layer, it was found that ∆θ=0.15 for the soil storage volume, and K s =1.56 inch/hr (3.96 cm/hr) for the hydraulic conductivity give the best agreement to the observed seepage flow.
Fig.7. Observed and Predicted Seepage Flows through Sand Layer in Rain Garden
In this study, there were several sets of observed rainfall hyetographs and seepage hydrographs. The sub-surface hydrologic model derived in this study can be well calibrated with the selected ∆θ and K s . A calibrated model can be further used to conduct various scenarios for decision making. For instance, the drain time under a basin full condition was reported to be 9 hours and 30 minutes for this event. In order to match with the design drain time of 12 hours, the hydrologic model developed in this study can be helpful for the engineer to determine how a cap-orifice shall be operated to reduce the flow and to increase the resident time for better water quality enhancement.
CONCLUSIONS
In design, a RG is assumed to begin with clean sand that has a higher hydraulic conductivity. After years of service, a RG's water infiltrating capacity is reduced as the clogging effect grows through the filtering layers. In operation, the major challenge lies in the uncertainty of soil properties and infiltrating parameters. The surface-subsurface hydrologic model developed in this study can model the flow process through the san layer that experiences the dry-to-wet cycle from unsaturated to saturated stages. The system parameters can be identified using the hydrologic procedure, Eq's 17, developed in this study. The actual water infiltrating rate at each time step is jointly determined by the continuity principle between the infiltrating rate on the basin's bottom surface and the seepage flow through the filtering layers. After the model is calibrated with on-site data or recommended design parameters, the simulation studies about RG's alternative operations provide a basis for decision making on how to choose the flow release rate and drain time, according to the clogging condition. 
